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Tübingen, Germany (max.morio@uni-tuebingen.de)

Abstract The reuse of underused or abandoned contaminated land, so-called brownfields, is increasingly seen as an important means for the reduction of land consumption and natural resources. For a long time decisions on suitable reuse options have
been predominantly shaped by economic considerations. Recently issues of sustainable
development have gained more and more importance, and have added complexity to
the topic. Using a novel simulation-optimization framework for spatially explicit planning
and integrated assessment of brownfield redevelopment (BR) options, this study demonstrates how the trade-off between economic goals and sustainable development in the
regional context may influence what is chosen as the most appropriate reuse option.
A multi-criteria genetic algorithm allows for determining optimal configurations of mixed
land-use, given the constraints in terms of the targeted composition of land-use classes.
The results of a case study at a former military site near Potsdam show that the significance of weightings controlling the trade-off of objectives may vary with the settings of
the optimization, namely with the given scope of planning.
Keywords: brownfield redevelopment; optimization; costs; sustainability; trade-off

1

INTRODUCTION

Successful revitalization of brownfields may significantly contribute to the reduction of
land consumption and urban sprawl [Nuissl and Schroeter-Schlaack, 2009] and may
drastically enhance sustainable regional development [Bardos et al., 2001; Lee et al.,
2004]. Though the reuse of brownfields may greatly benefit from the typically prominent location of the sites and the already existing infrastructure, their redevelopment fails
in many cases due to expected complications e.g. related to the clean-up of contaminated soil and groundwater or due to the difficult negotiations among stakeholders with
potentially differing interests. Manifold criteria can be relevant for the assessment of redevelopment options, depending on the size and former use of the particular site, its
surroundings, and possible receptors. For a long time, decisions on brownfield redevelopment (BR) have been shaped by regulative requirements and economic considerations
such as the mitigation of environmental and health risks, the minimization of related efforts and costs and in turn, the maximization of financial benefits. Over the last years,
the increased attention on issues of sustainable development [e.g. Bettencourt and Kaur,
2011] has added new challenges and complexity both to the decisions on BR and the
tools required to appropriately support these decisions.
Decision support systems (DSS) can aid the BR process by providing a formally clear,
and, if possible, quantitative multi-criteria assessment scheme [e.g. Carlon et al., 2007;
Kok and Verburg, 2007; Schädler et al., 2011] for integrated evaluation of possible options of future use of the brownfield. Making use of DSS will assure adequate decisions,
which can be made only if the advantages and disadvantages of any particular re-use option are carefully weighed up against each other, taking into account the often divergent
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stakeholders’ objectives [Linkov et al., 2006]. In particular, at large brownfields where
due to the given size a manifold of different mixed use scenarios can be taken into consideration, the application of appropriate DSS may generate an added value by making
the decision making process transparent [Pollard et al., 2004]. Furthermore, spatially
explicit optimization methods can improve decision making by finding favorable land-use
allocation scenarios that may not be found by manual planning.
This paper outlines a novel model-optimization framework for the identification of optimum BR options from a holistic perspective. Emphasis is given to the trade-off of
economic and sustainability criteria in finding optimal brownfield reuse options. It will
be shown how criteria weightings influence the optimization results depending on given
constraints relating to the targeted composition of mixed land use (i.e. the areal fraction
of e.g. residential, commercial and recreational areas). The framework was presented
recently [Morio et al., subm.]. It combines a multi-criteria spatial assessment model and
a genetic algorithm (GA) for optimizing land-use allocation, which has been adapted and
extended from Holzkämper and Seppelt [2007] to suit the requirements of optimizing BR.
2
2.1

METHODS
Integrated assessment of mixed reuse scenarios

It is assumed that due to the large size of a site the redevelopment is targeted at mixed
land use, where different use classes are allocated to multiple planning units. Land-use
classes for a redevelopment scenario can be freely defined in accordance with the demands and suggestions of the stakeholders involved in the revitalization project. Each
land-use class needs to be characterized by (i) compliance criteria with respect to subsurface contamination, (ii) a reference land value, and (iii) the attribution to one of the landuse types defined for the assessment of sustainable development [Morio et al., subm.].
2.2

Problem representation

The representation of the evaluation problem follows Holzkämper et al. [2006], and is
based on raster grids with land-use classes allocated to specific, predefined planning
units (i.e. segments the site is divided in for planning purposes). An adaption was made
to the notation of the model grid and its associated attributes to make it suitable for the
model-optimization framework. The model’s problem representation is based on a discrete grid G = {(i, j)|imin < i < imax , jmin < j < jmax ; imin , i, imax , jmin , j, jmax ∈ N}.
The grid resolution d has to be adapted to both the scale of the planning units and to
the spatial resolution of given site information. Each grid cell can have n attributes,
which are derived from several (input) raster maps such as the land-use class (here:
l : G → L = {100, 200, 300}), uniform land-use specific underground remediation costs
+
cl : G → Cl ⊂ R+
0 , market values vl : G → Vl ⊂ R0 , and the land-use types considered in sustainability assessment s : G → S = {1, . . . , 8}. The configuration as well
as the composition of land-use classes l are subject to change in the optimization algorithm (GA). All other attributes are considered as constant. The land-use grid G is
converted into a patch topology according to the given planning units. Land use within
a planning unit is (by definition) uniform. Membership of a raster cell to one of the given
planning units is identified by an unique patch identifier id. m denotes the number of
modifiable planning units u : G → id = 1, 2, 3, . . . ; u(i, j) = id = 1, 2, 3, . . . , m, with its
inversion function providing a set of connected cells of same class of l in G, denoted as
u∗ (id) = {(i, j)|l(i, j) = const., connecting set} ⊂ G. Hereafter, a particular land-use
configuration will be referred to as land-use map M , with the properties and attributes of
M being defined in the corresponding grid G.
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2.3

Economic Assessment

Conflict Analysis and Site Remediation Costs: By utilizing a set of GIS-based procedures, those regions on the site that will require remediation are identified using information on contaminant distributions in soil and groundwater and on clean-up goals attributed
to the land use classes. The resulting exceedance maps for each contaminant and media type serve as an input for the empirical remediation cost model. Based on the extent
of contaminated volumes, standard unit costs and subsurface and contaminant specific
difficulty factors, land-use l specific cost evaluation maps Cl,tot can be calculated. The
underlying equations and assumptions that yield the overall remediation costs Ctot (M )
for a land-use map M are explained in detail in Schädler et al. [2011].
Risk based Value Reduction and Market Value: Starting from a reference value for
comparable, but uncontaminated property, the market value assessment takes into account the specific quality of the location, a cost factor to consider the site’s actual development state, and the so-called mercantile value reduction (MVR) to quantify typical risks perceived by the market [Bartke, 2011]. Details on the land-use specific
market value evaluation maps Vtot (M ) are given in Morio et al. [subm.]. Taking the
remediation costs into account, the overall remaining value for land use map M is
R(M ) = Vtot (M ) − Ctot (M ).
2.4

Sustainability Assessment

By using an indicator scheme proposed by Müller and Rohr-Zänker [2009] and extended
by Schädler et al. [2011, 2012] the suitability of a BR plan in therms of sustainable urban
and regional development is evaluated. The evaluation consists of 23 individual indicators (see Table 1). The existence or absence of relevant features (e.g. infrastructure
elements, public transport, use classes etc.) at the site or within its vicinity, is used to
determine if a land-use option will either foster or contradict the goals of sustainable
development. Several indicators are quantified globally, meaning that the value of the indicator for a certain land-use-class is the same throughout the site and is independent of
the particular land-use configuration. Other indicators do depend either on the distance
to some other land-use or feature or on their direct neighborhood. The evaluation is performed for each planning unit and associated land-use classes yielding Boolean results.
The latter translate into integer values, which are weighted with the indicator’s weighting
and the area of the planning unit. The spatial evaluation of all planning units and landuse classes adds up to a single value, the so-called suitability value Etot , that can range
between −100 and +100. A detailed explanation of the sustainability evaluation method
is given in Morio et al. [subm.].
2.5

Optimization Algorithm

The framework’s optimization module is based upon the land-use pattern optimization
library LupoLIB [Holzkämper et al., 2006], which, in turn, utilizes the genetic algorithm
library GAlib [Wall, 1996]. An initial land use input map Minit representing one random configuration of the given land-use composition serves as the basis to generate the
initial population. Other members of the initial population are stochastically generated
by changing the assigned land-use classes in a patch-wise manner with a given probability pinit . The initial population consists of popSize individuals, each represented by
a genome consisting of a vector of m genes, where each gene represents a land-use
patch with land-use class l. An individual (i.e. one specific land-use configuration), therefore, contains different land-use classes and is defined by its vector of planning units
g : lh → h = 1, ..., m with lh ∈ Lg , where Lg = 100, 200, ..., a100 ∈ L. The optimization
algorithm uses one-point crossover (cf. to Wall, 1996) with a probability of pcross . Mutation is conducted with a probability of pmut . Parents for the next generation are selected
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Table 1: Indicators and evaluation functions used for the assessment of sustainability in
the case study.
Indicator:
number and description

Weight
[%]

Evaluation
function1)

Concerned landuse classes2)

Land-use class or
feature examined2)
Global answer

2

Distance

Recreational, commercial

Residential

2

Distance

Residential

Recreational

/

1 Residential areas in the surrounding area
2 Green spaces in the surrounding
area
3 Commercial areas within walking
distance
4 Neighboring uses strongly emitting
5 Site contains >40% sealed soil

2

Distance

Residential

Commercial

4
2

Neighbour
Distance

Residential, recreational
Recreational, commercial

6 Site location within urban area
7 Site is part of a local habitat
8 High value tree/plant population
9 Direct vicinity to nature reserve
10 Low capacity of access roads
11 Good access to public transport

8
8
4
8
6
8

Global
Global
Global
Global
Global
Distance

Residential, commercial
Residential, commercial
N.c.
Residential
Commercial
Residential, commercial

12 Good access to clearway
13 Good accessibility for bikers

4
2

Global
Global

14 Local amenities in walking distance
15 Primary school in walking distance
16 Great impact on recreational areas
17 Historically relevant buildings

2

Distance

N.c.
Residential, recreational,
commercial
Residential, commercial

N.c. (Industry)
Spatial distribution of
sealed surface
TRUE
FALSE
FALSE
TRUE
FALSE
Location of public transport stations
TRUE
TRUE

2

Distance

Residential

TRUE

4

Global

Residential, commercial

TRUE

2

Distance

TRUE

2
8

Global
Neighbor

Residential, recreational,
commercial
Recreational
N.c.

FALSE
Residential, recreational

4

Global

Residential, commercial

TRUE

6
6

Global
Global

Residential, recreational
Commercial

TRUE
TRUE

4

Global

Residential

FALSE

18 Great influence on cityscape
19 Neighbouring uses sensitive to
immissions
20 Good supply and disposal infrastructure
21 Area strongly contaminated
22 Site suitable for innovative industries
23 Adjacent enterprises susceptible
to new industries
1)

Threshold distance = 500 m.

2)

N.c. (Local services)

N.c. = None of the classes considered in this paper.

by roulette-wheel selection [Goldberg, 1989], the size of the wheel section being proportional to the fitness value of the respective individual. A steady state GA with overlapping
populations is applied, where a specified proportion prepl of the population is replaced in
each generation by new offsprings.
Based on the assessment criteria described above, three functions F1 to F3 are defined
to evaluate the fitness of a genome g, i.e. a particular land-use option represented by
the map M (g). These functions are formulated such that the range of function value is
between zero and unity and will be subject to maximization within the optimization.
The function F1 for evaluating remediation costs of any specific land-use option represented as map M(g) is
Ctot (M (g))
(1)
Ctot,max
P
where Ctot,max = i,j maxl (cl,i,j ) represents the maximum of remediation costs and is
used to normalize the function. The market value evaluation function is described by
F1 = 1 −

Vtot (M (g))
(2)
Vtot,max
P
where Vtot,max = i,j maxl (vl,i,j ). The evaluation function for the degree of suitability
F2 =
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with respect to sustainable development is formulated as:
F3 =

Etot (M (g)) + 100
200

(3)

Having defined its elements F1 to F3 , the mathematical formulation of the OF is
max J(M (g)) =

3
X

(4)

Fi wi

i=1

such that

P3

i=1

wi = 1, and

Al (M (g))
c1 + 1 ≥
≥
Al (Minit )

(

1 − c1 , if c1 ≤ 1
,
0,
if c1 > 1

∀ l ∈ Lg ,

(5)

where J(M ) represents the fitness score (of the map representation) of genome g, which
is subject to maximization. The particular aim of the optimization is determined by the
setting of the weightings wi . A class-area constraint c1 [-] is set regarding the composition
of the land-use options (Eq. 5). The areal fraction of individual land-use classes, where
Al is the total area of the respective land-use l, must not deviate from the respective
fraction in the initial land-use map Minit by more than a given factor c1 . Otherwise, the
individual’s objective score will be set to zero.
3
3.1

CASE STUDY
Model Site

The optimization model is applied to a former military base situated in the surroundings
of Potsdam near Berlin, Germany, covering an area of ca. 113 ha. The site was used by
the German and Russian Armed Forces until 1945 and 1991, rsp. Former site use led to
considerable subsurface contamination by tetrachloroethylene (PCE) and trichloroethylene (TCE) in groundwater and suspected contamination by polycyclic aromatic hydrocarbons (PAH) in soil (cf. Figure 1). Details about site investigations and model studies
to delineate groundwater contamination are given in Rein et al. [2010] and Morio et al.
[2010], rsp. The case-study considers a scenario with three land-use classes, ’residential’, ’commercial’, and ’recreational’, which cover equal area fractions (i.e., 1/3 of the
site’s area). The land-use configuration serving as starting point for all optimization runs
(OR) is shown in Figure 1. A discretization of d = 50m grid cell size was used for the
raster-based assessment of remediation costs, future land value, and sustainability indicators.
Economic valuation data: The evaluation of both the costs for remediation of existing
contamination and the market value of revitalized land is done prior to the OR for each
of the land use classes considered. This is based on the clean-up goals, reference
land values and further factors. Clean-up goals in groundwater vary between 10 µg/l
(residential) and 100 µg/l (commercial) for both, PCE, and TCE. Remediation targets for
PAH in soil vary between 2 mg/kg (residential) and 10 mg/kg (commercial). Reference
land values range from 10 EUR/m2 (recreational) to 95 EUR/m2 (residential). Table 2 lists
the estimated total costs and market value. For the spatial distribution of these values
and further details the reader is referred to Morio et al. [subm.].
Sustainability evaluation data: The evaluation of sustainability indicators is based on
the parameters given in Table 1. Indicators no. 1–4, 11, 14, and 19 were evaluated on
the basis of spatial queries, whereas the remaining indicators are predefined by a ’global’
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Figure 1: Case study site (left) and initial land use scenario map representation (right)
with residential (light gray), commercial (medium gray), and recreational (dark grey)
land-use classes assigned (changed acc. to Morio et al. [subm.]).
answer. To give an idea of the principal feasibility of the land-use classes considered
here, Table 1 lists the assessment results for respective uniform land-use configurations
in comparison with the results obtained for the initial layout. Results indicate that – due
to the somehow remote location of the site – a purely commercial use would be a better
fit than a uniform residential or recreational use. The slightly positive result for the initial
mixed-use layout gives a first indication that complementary land use configurations do
meet the requirements defined by the sustainability assessment scheme.
Table 2: Remediation costs Ctot , market value Vtot , remaining value R, and
sustainability potential Etot for uniform land use and for the initial land-use configuration
Minit .
Land use option (uniform)
Ctot [Mio. EUR]
Vtot [Mio. EUR]
R [Mio. EUR]
Etot [–]

3.2

Residential
6.82
20.91
14.09
-10.21

Commercial
4.56
10.25
5.69
+9.39

Recreational
6.01
4.76
-1.25
-25.00

Initial layout
Minit
5.02
12.05
7.03
+0.59

Objectives and settings for optimization runs (OR)

The OR presented in this paper were conducted with weighted sum aggregate objective
functions (OF) as defined above (Eq. 4). In order to identify the site-specific tradeoff between sustainability of development options and their remaining economic value,
OR were conducted with multi-criteria OF using different weighting combinations with
w3 = {0.2, 0.33, 0.4, 0.6, 0.8, 0.95, 0.98, 0.99} and w1 = w2 = 0.5 ∗ (1 − w3 ). Additionally,
single objective runs with w3 = 1 were conducted for comparison with the multicriteria
OR and with previous case study results. All OR were run with varying values of constraint c1 = {0.2, 0.5, 0.9, 1.9}. The OR were repeated 3 times for w3 of 0.2, 0.4, 0, 6, 0.8
and 1, and 6 times for w3 of 0.95, 0.98 and 0.99. In total, 144 OR were conducted. The
optimization parameters, as described in Morio et al. [subm.], were kept constant for all
runs except for the weighting and constraint parameters.
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RESULTS AND DISCUSSION
16

Preference of optimization run:
Sustainable development Remaining land value R
(Mio. EUR)
Etot (-)

The results of all OR are represented by marker symbols in Fig10
ure 2. It can be observed, that
8
the maximum achievable values
6
4
of Etot and R largely depend on
Constraint c =0.2
w = 0.98
2
the value of constraint c1 , i.e., the
0
w = 0.8
4 5 6 7 8 9 10 11 12 13 14
16
given degree of freedom in the
Constraint c =0.5
Constraint c =0.5
14
spatial ratio of land-use classes.
w = 0.99
w = 0.4
12
With low c1 value, the maximum
10
8
Etot for the given scenario is
6
close to 10 for single criterion
4
OR (w3 = 1). For multicrite2
0
ria OF, if both economic aspects
4 5 6 7 8 9 10 11 12 13 14
16
and sustainability are taken into
Constraint c =0.9
Constraint c =0.9
14
w = 1/3
w = 1.0
12
account, optimal solutions have
10
lower Etot values and higher R
8
values, based on the value of
6
4
w3 . OR with a larger planning
2
scope, i.e. higher c1 value, yield
0
4 5 6 7 8 9 10 11 12 13 14
better values for both Etot and
16
Constraint c =1.9
Constraint c =1.9
14
R. Also, the choice of weightw = 0.2
w = 1.0
12
ings becomes a more critical fac10
8
tor. A gap in the trade-off curve
6
appears, which increases as c1
4
becomes larger. This is, likely,
2
Residential
0
in part due to the different scales
Commercial
4 5 6 7 8 9 10 11 12 13 14
Recreational
Remaining land value R (Mio. EUR)
and sensitivity of the individual
Figure 2: Etot vs. R for differently weighted criteria criteria: While economic criteria
can be normalized by their true
and constraints. OR results marked by arrows are
site-specific maximum (see Eq. 1
depicted as land use maps.
and Eq. 2), which can be calculated in advance, the scaling of
the degree of suitability with respect to sustainable development is fixed (i.e. using its
theoretical maximum because it cannot be estimated on a site-specific basis, see Eq.
3). Further explanations are related to specific conditions regarding size and distribution
of contamination and strong differences between the properties of individual land-use
classes. More investigations are required to separate and quantify the influence of each
potential factor. If the focus of optimization is set to sustainable options, i.e. for large
w3 , there is a clear preference for commercial use, which is generally given the highest
suitability for sustainable development in this case study (see Figure 2). In other words,
a primarily commercially used site would best fit into the existing development surrounding the site and would meet the demands represented by corresponding sustainability
indicators. Note that just a small ratio of the other use classes is sufficient to bring in the
additional benefit from the indicators relying on a complimentary use-type within a given
threshold distance.
14 Constraint c1=0.2
12

Weight of
sustainability
criterion:
w3 = 0.2
w3 = 1/3
w3 = 0.4
w3 = 0.6
w3 = 0.8

w3 = 0.95
w3 = 0.98
w3 = 0.99

1

3

w3 = 1.0

3

1

1

Suitability for sustainable development Etot (−)

3

1

1

3

3

1

1

3

5

3

3

CONCLUSIONS

In this paper, some first results from investigations on (OF) brownfields re-use optimization using a weighted sum aggregate multi-criteria objective function, are presented. It
could be shown, that – for the setting of the given case study – the significance of in-
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dividual criteria weightings will change with the given planning scope (i.e. the allowed
deviance from the land-use classes’ area ratios of the initial planning scenario). This
finding, which has considerable implications for the trade-off of the OF criteria, could be
in part attributed to the fact that the range of the suitability values Etot is a priori unknown
as it cannot be predicted in advance to the OR.
The results suggest that the understanding of the complex interplay between diverse
factors such as site-specific conditions, numbers and properties of considered land-use
classes, given degree of freedom in planning, etc. is crucial for understanding the effect of individual criteria and hence for a balanced trade-off between the economic and
socio-economic criteria used in this study. Further research is currently under way to
systematically analyze the influence of individual factors, assessment criteria and sustainability.
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